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ABSTRACT
The anomalous 3.55 keV X-ray line recently detected towards a number of massive
dark matter objects may be interpreted as the radiative decays of 7.1 keV mass sterile
neutrino dark matter. Depending on its parameters, the sterile neutrino can range
from cold to warm dark matter with small-scale suppression that differs in form from
commonly-adopted thermal warm dark matter. Here, we numerically investigate the
subhalo properties for 7.1 keV sterile neutrino dark matter produced via the reso-
nant Shi-Fuller mechanism. Using accurate matter power spectra, we run cosmological
zoom-in simulations of a Milky Way-sized halo and explore the abundance of massive
subhalos, their radial distributions, and their internal structure. We also simulate the
halo with thermal 2.0 keV warm dark matter for comparison and discuss quantitative
differences. We find that the resonantly produced sterile neutrino model for the 3.55
keV line provides a good description of structures in the Local Group, including the
number of satellite dwarf galaxies and their radial distribution, and largely mitigates
the too-big-to-fail problem. Future searches for satellite galaxies by deep surveys, such
as the Dark Energy Survey, Large Synoptic Survey Telescope, and Wide Field Infrared
Survey Telescope, will be a strong direct test of warm dark matter scenarios.
Key words: Galaxy: halo – Local Group – cosmology: theory – dark matter.
1 INTRODUCTION
The Lambda cold dark matter (ΛCDM) paradigm has been
extremely successful in explaining a variety of observations
on cosmological scales (e.g., Ho et al. 2012; Hinshaw et al.
2013; Planck Collaboration et al. 2015). Tests on galac-
tic and sub-galactic scales, while often complicated by the
physics of galaxy formation, provide crucial verification of
the ΛCDM model. Several issues with ΛCDM on small-scales
have been highlighted in the past decade, prompting inves-
tigations into galaxy formation within the ΛCDM model, as
well as alternative models of DM.
Among the earliest and most prominent small-scale is-
sue is the “missing satellites” problem: the large excess in
the number of expected satellite galaxies of the Milky Way
(MW), which outnumber those observed by a factor of 10 or
? E-mail: horiuchi@vt.edu
more (Klypin et al. 1999; Moore et al. 1999). Another issue
is the core/cusp problem, which is seen in, e.g., the flatter
central dark matter density profiles observed in many low-
surface brightness (LSB) galaxies (e.g., Simon et al. 2005;
Donato et al. 2009; Oh et al. 2011) when compared with the
cuspy profiles predicted by pure ΛCDM simulations (Flores
& Primack 1994; Navarro et al. 1997). More recently, the
most massive subhalos of MW-sized hosts have been shown
to contain too much dark matter to accommodate the stel-
lar kinematic data of the observed MW dwarf spheroidal
(dSph) satellite galaxies (Boylan-Kolchin et al. 2011, 2012).
The number of massive subhalos failing in this way (“mas-
sive failures”) is typically ∼ 20, depending on the halo mass,
cosmology, and other variables (e.g., Garrison-Kimmel et al.
2014b; Griffen et al. 2015), and constitute the “Too big to
Fail” (TBTF) problem.
Whether these small-scale issues motivate a change to
the ΛCDM paradigm depends quantitatively on the degree
c© 2015 The Authors
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to which feedback and other baryonic processes can rem-
edy the discrepancies. For example, studies have postulated
how galaxy formation does not follow the subhalo mass at
z = 0, but rather, the maximum mass at some earlier epoch,
often at reionization. This reduces the number of expected
satellites and helps to remedy the missing satellites problem
(Bullock et al. 2000; Kravtsov et al. 2004; Ricotti & Gnedin
2005; Koposov et al. 2009; Okamoto & Frenk 2009; Busha
et al. 2010). Simultaneously, searches with the Sloan Digi-
tal Sky Survey (SDSS) has revealed some dozen more dSph
galaxies (Belokurov et al. 2007), and searches in the south-
ern hemisphere are starting to produce results in the same
direction (Bechtol et al. 2015; Koposov et al. 2015; Drlica-
Wagner et al. 2015). Studies have also revealed the gross
incompleteness of current satellite samples due to a com-
bination of incomplete sky coverage, luminosity bias, and
surface brightness limits (Tollerud et al. 2008; Walsh et al.
2009; Hargis et al. 2014).
Concerning the inner dark matter densities, baryonic
processes can effectively reduce the central dark matter den-
sities of LSB host halos, addressing the core/cusp problem
(e.g., Pontzen & Governato 2012; Governato et al. 2012; Di
Cintio et al. 2014; On˜orbe et al. 2015a; Simpson et al. 2015;
Del Popolo & Pace 2015). However, Pen˜arrubia et al. (2012)
and Garrison-Kimmel et al. (2013) have argued that these
effects are insufficient to affect dimmer satellites relevant for
TBTF (but, see Gritschneder & Lin 2013; Amorisco et al.
2014). On the other hand, environmental effects, coupled
with baryonic interactions, can be conducive to more effi-
cient inner density reduction even on these scales (Zolotov
et al. 2012; Arraki et al. 2014; Brooks & Zolotov 2014; Del
Popolo et al. 2014; Brook & Di Cintio 2015; On˜orbe et al.
2015b). However, the TBTF issue continues to be observed
out in field galaxies of the Local Group, where environmen-
tal effects are greatly reduced or non-existent (Ferrero et al.
2012; Garrison-Kimmel et al. 2014b; Papastergis et al. 2015).
Therefore, although many plausible mechanisms within the
context of ΛCDM exist to explain small-scale issues, it is not
clear if they are where the solution lies.
Various alternatives to ΛCDM have been investigated
in order to resolve small-scales issues, including non-
standard primordial power spectra (Kamionkowski & Liddle
2000; Zentner & Bullock 2002; Polisensky & Ricotti 2014;
Garrison-Kimmel et al. 2014c) and modifications to CDM,
e.g., self-interacting dark matter (Vogelsberger et al. 2012,
2014; Rocha et al. 2013; Elbert et al. 2015), warm dark mat-
ter (Anderhalden et al. 2012, 2013; Lovell et al. 2012, 2014;
Schneider et al. 2013, 2014; Horiuchi et al. 2014; Reed et al.
2015), decaying dark matter (e.g., Wang et al. 2014), and
axion dark matter (e.g., Marsh & Pop 2015).
From a particle physics perspective, sterile neutrinos of
∼ keV mass provide a compelling warm dark matter (WDM)
candidate. Produced in the Early Universe by oscillations
with the active neutrino1, the sterile neutrino is able to gen-
erate dark matter of various warmness (or more precisely,
suppression in the primordial matter power spectrum) de-
pending on its mass and production mechanism (e.g., Abaza-
1 Sterile neutrinos produced in the decays of other heavier relics,
e.g., Kusenko (2006); Shaposhnikov & Tkachev (2006), typically
generate cold dark matter.
0.1
V
max
 / V
vir
1
10
100
1000
N
su
b 
( >
 V
m
ax
/V
v
ir)
10 100
radial distance [kpc]
1
10
100
1000
N
su
b 
( <
 di
sta
nc
e)
Figure 1. Distributions of subhalo Vmax/Vvir (top panel) and ra-
dial distance (bottom panel) for the halos simulated in the ELVIS
suite (gray). The particular halo used in this study for WDM sim-
ulations is highlighted by the thick solid line, indicating its central
behavior among the CDM realizations of the ELVIS suite.
jian et al. 2001a). The same mixing responsible for produc-
tion leads to sterile neutrino decay, which opens a search
strategy using X-ray observations from nearby massive dark
matter objects (Abazajian et al. 2001b).
Recently, excess X-ray flux have been observed at
∼ 3.55 keV from observations of stacked galaxy clusters
(Bulbul et al. 2014b), Perseus (Bulbul et al. 2014b; Boyarsky
et al. 2014b), M31 (Boyarsky et al. 2014b), the MW (Bo-
yarsky et al. 2014a), and eight additional galaxy clusters
(Iakubovskyi et al. 2015). There is ongoing active debate
regarding the significance and interpretation of this signal
(Anderson et al. 2015; Riemer-Sorensen 2014; Jeltema &
Profumo 2015, 2014; Bulbul et al. 2014a; Malyshev et al.
2014; Urban et al. 2015; Tamura et al. 2015; Iakubovskyi
et al. 2015). Interpreted as a sterile neutrino decay signal
(Abazajian 2014), the simplest scenario is a ∼ 7.1 keV ster-
ile neutrino produced by the Shi-Fuller resonantly-enhanced
mixing mechanism (Shi & Fuller 1999).
The focus of this paper is to quantitatively explore
the subhalo properties in a 7 keV sterile neutrino cosmol-
ogy using dissipationless simulations. We adopt the spe-
cific sterile neutrino parameters suggested by the anoma-
lous 3.55 keV line measurement of Bulbul et al. (2014b);
Boyarsky et al. (2014b). More generally, however, our at-
tempt is to simulate the accurate formation of structure in
the Shi-Fuller resonant sterile neutrino scenario. In particu-
lar, the resonant production of sterile neutrinos has recently
been re-investigated by Venumadhav et al. (2015). By in-
cluding previously neglected effects of the redistribution of
lepton asymmetry and the neutrino opacity, as well as a
more accurate treatment of the scattering rates through the
quark-hadron transition, the authors provide accurate ster-
ile neutrino phase-space densities. Using these updated dis-
MNRAS 000, 1–9 (2015)
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Figure 2. Square root of the sterile neutrino power spectrum rel-
ative to CDM, Ts(k) =
√
Ps(k)/PCDM(k). Shown are three reso-
nantly produced sterile neutrino cases, s0.8 (blue dot-dot-dashed),
s2.9 (red dot-dashed-dashed), and s20.0 (green dot-dashed). For
comparison, a 2.0 keV thermal WDM is shown (black dashed).
The initial cutoff shape is similar between the 2.0 keV thermal and
s2.9 resonant cases, but the tails show quantitative differences.
tributions as inputs, we run dark matter only collisionless
N -body simulations, which allows us to explore the impli-
cations for Local Group satellite counts and their internal
kinematics, specifically addressing the missing satellites and
TBTF problems.
The paper is organized as follows. In Section 2, we sum-
marize our simulation and analysis methods. In Section 3,
we present our results, including satellite counts in Section
3.1, satellite radial distribution in Section 3.2, and internal
structure (implications for TBTF) in Section 3.3. Finally,
we present discussions and conclusions in Section 4.
2 SIMULATIONS
We run collisionless dark matter-only simulations with the
publicly available Tree-PMN -body simulation code GADGET-
22 (Springel 2005). We present 4 zoom-in simulations in
WDM, all with WMAP7 cosmological parameters: σ8 =
0.801, Ωm = 0.266, Ωb = 0.0449, ΩΛ = 0.734, ns = 0.963,
and h = 0.71 (Larson et al. 2011). Simulations were initial-
ized at redshift 125 with initial conditions selected from the
Exploring the Local Volume In Simulations project (ELVIS3;
Garrison-Kimmel et al. 2014a) and created with MUSIC4
(Hahn & Abel 2011). ELVIS is a suite of 48 ΛCDM zoom-in
simulations designed to study the Local Group. It consists
of 24 halos in paired systems that are chosen to resemble
2 http://www.mpa-garching.mpg.de/gadget/
3 http://localgroup.ps.uci.edu/elvis/index.html
4 http://www.phys.ethz.ch/ hahn/MUSIC/
the MW and M31 in mass, relative kinematics, and envi-
ronment, as well as an additional 24 halos that are isolated
mass-matched analogues. Lagrange volumes are determined
by all particles within 5Rvir of the halo center in the final
timestep for isolated analogues, and 4Rvir of either MW or
M31 hosts for pairs. We refer the reader to On˜orbe et al.
(2014) and Garrison-Kimmel et al. (2014a) for the detail
methodology of the zoom-in simulations and ELVIS, respec-
tively.
We select from the ELVIS suite one halo that is closest
to the average over the ELVIS suite in two key subhalo prop-
erties – the subhalo Vmax and radial position distributions.
Here, the circular velocity is Vcirc =
√
GM(< r)/r, and its
peak circular velocity and the radius at which it peaks are
denoted as Vmax and Rmax, respectively. Figure 1 shows our
adopted halo in thick solid black, compared to the entire
ELVIS suite (grey solid).
To build the WDM initial power spectra, CDM trans-
fer functions were first generated using the publicly avail-
able CAMB5 CMB boltzmann code (Lewis et al. 2000). These
were modified according to the resonant sterile neutrino pro-
duction calculations of Venumadhav et al. (2015), which
include effects of the redistribution of lepton asymmetry
and the neutrino opacity, as well as a more detail treat-
ment during the quark-hadron transition. These affect the
primordial momentum distributions of the sterile neutrino,
which in turn quantitatively change the matter power spec-
trum. Figure 2 shows the square-root of the suppression
of the power spectrum, Ts(k) =
√
Ps(k)/PCDM(k), for the
three sterile neutrino parameters studied in this paper: all
have masses of ms = 7.1 keV, but different mixing angles
sin22θ = 0.800 × 10−11 (labeled s0.8), 2.899 × 10−11 (la-
beled s2.9), and 20.000 × 10−11 (labeled s20.0). The lepton
asymmetries required to reproduce the observed dark matter
abundance Ωdm are ≈ (13.0–13.1)×10−5, (8.32–8.39)×10−5,
and (6.7–6.8)× 10−5, respectively6. Also shown for compar-
ison is the transfer function for a thermal warm dark matter
based on Bode et al. (2001). Specifically, we use the func-
tional forms in their appendix with values adjusted to our
cosmology, and fix the mass to a thermal 2.0 keV WDM
particle. The 2.0 keV thermal particle was chosen due to its
close resemblance to the s2.9 sterile neutrino, thus serving
as a good comparison; it was also identified as being near
the center of the range of WDM cutoff scales for the 7.1
keV resonant sterile neutrino in Abazajian (2014). A com-
panion work by Bozek et al. 2015 simulates a MW/M31 pair
from the ELVIS suite in a variety of sterile neutrino models
(including the s2.9 model) to examine the impact of these
models in the Local Group environment.
All simulations were run with a z = 0 Plummer equiva-
lent force softening of 141 pc in the highest resolution zoom-
in region, which contains particles of mass 1.9×105M. Res-
olution tests performed in Garrison-Kimmel et al. (2014a)
with 23 more particles (particle mass 2.4×104M) show that
simulations at our resolution converge for subhalos above
Vmax & 8 km/s and Rmax resolved for Vmax & 15 km/s. We
5 http://camb.info/
6 These are based on Planck cosmology with Ωdmh
2 = 0.119, but
the cosmology dependence is weak (Abazajian et al. 2001b).
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Table 1. Properties of the main halo: virial mass Mvir, virial radius Rvir, circular velocity Vvir, peak of the circular velocity Vmax, and
the radius of peak circular velocity Rmax. The last three columns show the number of subhalos within the virial radius with Vmax > 8
km/s, Vmax > 15 km/s, and Vpeak > 20 km/s, respectively.
Mvir Rvir Vvir Vmax Rmax Number of subhalos Number of subhalos Number of subhalos
(1012M) (kpc) (km/s) (km/s) (kpc) (Vmax > 8 km/s) (Vmax > 15 km/s) (Vpeak > 20 km/s)
CDM 1.56 302 149 179 47.7 540 66 57
WDM s0.8 1.54 301 148 180 46.0 35 12 18
WDM s2.9 1.55 302 149 180 46.4 61 20 23
WDM s20.0 1.55 301 149 180 45.8 105 31 38
WDM 2.0keV 1.55 301 149 179 48.4 48 18 23
identify halos with Rockstar7 (Behroozi et al. 2013a), a pub-
licly available six-dimensional friends-of-friends halo finder.
Table 1 summarizes the physical properties of the main host
halo in the zoom simulations. We define the virial mass Mvir
as mass contained within a sphere of radius Rvir that cor-
responds to an over density of 97 relative to the critical
density of the Universe (Bryan & Norman 1998). We define
the Vmax at the moment a halo has its maximum mass as
Vpeak. Extracting Vpeak thus needs the assembly of a merger
tree, which we perform with consistent-trees8 (Behroozi
et al. 2013b).
A particular concern for WDM N -body simulations is
the artificial fragmentation of filaments that cause the pro-
duction of artificial clumps. These act as spurious halos and
contaminate the subhalo catalogs. Lovell et al. (2014) inves-
tigated the contamination based on a series of dissipationless
WDM simulations. They adopted thermal WDM masses of
1.5, 1.6, 2.0, and 2.3 keV, i.e., with cutoffs in the range of in-
terest for our study, and find that the spurious subhalos ap-
proximately equal the number of genuine subhalos on scales
of ∼ 107M (or Vmax ∼ 5 km/s) for a 2.0 keV WDM and
MW-sized halo, and dominate on smaller scales. They test
this using high-resolution (particle mass 1.55× 104M) and
low-resolution (particle mass 4.43× 105M) analogues, i.e.,
our resolution falls in between their test cases. These sug-
gest our resolved subhalos (i.e., with Vmax > 8 km/s) are not
severely contaminated. This is also consistent with the scal-
ing presented by Wang & White (2007). However, the precise
form of the subhalo mass function on scales smaller than the
cutoff scale is uncertain (Schneider et al. 2013; Hahn et al.
2013). Instead of attempting to remove spurious subhalos,
we avoid the issue by only considering objects larger than
Vmax > 8 km/s.
3 ANALYSES
3.1 Subhalo abundance
We begin by exploring the abundance of dark matter sub-
structures within the virial radius of the host halo. The three
final columns of Table 1 show the total number of subhalos
within the virial radius with Vmax > 8 km/s, Vmax > 15
km/s, and Vpeak > 20 km/s cuts, respectively. The cumu-
lative distributions are shown in Figure 3. They reveal a
7 https://code.google.com/p/rockstar/
8 https://bitbucket.org/pbehroozi/consistent-trees
strong suppression in the number of subhalos. The suppres-
sion in the number of low-mass subhalos is consistent with
the cutoff in the WDM transfer function. For example, s20.0
has the largest cutoff wavenumber (Figure 2) and as a result
shows the least suppression.
According to the standard paradigm, these subhalos
must host the satellites orbiting the main galaxy. Observa-
tionally, the number of satellites orbiting the MW currently
stands at ∼28, including 11 so-called classical dwarfs known
pre-SDSS, a similar number of ultra-faint dSph galaxies dis-
covered by the SDSS (Wolf et al. 2010; McConnachie 2012),
and 8 recently discovered candidates in the DES fields (Bech-
tol et al. 2015). We remove from this list Leo T and Eridanus
II, which are both clearly further away than the virial radius
of the MW. We keep the Large Magellanic Cloud (LMC) and
the Small Magellanic Cloud (SMC), since the ELVIS halos
were intentionally chosen to contain realistic analogues to
the Magellanic clouds (Garrison-Kimmel et al. 2014a). Our
chosen halo has one subhalo with Vmax > 60 km/s; had ha-
los been chosen at random, it would have been unlikely to
find such massive subhalos (Boylan-Kolchin et al. 2010). The
satellite list should be taken as a lower limit, since on-going
and future more complete and deeper surveys are expected
to lead to more discoveries. Indeed, 6 to 8 candidate ultra-
faint dSphs were recently reported in the DES field (Drlica-
Wagner et al. 2015), and the intrinsic satellite count of the
Milky Way is estimated to be close to ∼ 100 (Tollerud et al.
2008; Walsh et al. 2009; Hargis et al. 2014; Drlica-Wagner
et al. 2015). Therefore, the simulations should contain at
a minimum 28 subhalos to host the known satellites, and
certainly more.
The equivalent in M31 is aided by the Pan-Andromeda
Archeological Survey (PAndAS), which provides complete
coverage out to ∼ 150 kpc from M31 and sensitive to satel-
lites down to luminosities of ∼ 105L (Richardson et al.
2011). Larger distances have been subject to various studies,
most recently the Panoramic Survey Telescope and Rapid
Response System (Pan-STARRS) that provides a survey go-
ing deeper than SDSS and wider than PAndAS. The total
number of satellites within 150 kpc (300 kpc) is now 18 (35)
(McConnachie 2012; Conn et al. 2012; Martin et al. 2013).
While the total M31 satellite population is surprisingly simi-
lar to that of the MW, the MW count includes faint satellites
(L < 105L) that are currently difficult to detect around
M31. In fact, M31 contains significantly more bright satel-
lites than the MW. As in the MW, therefore, current counts
should be treated as a lower limit, particularly at the faint
end.
MNRAS 000, 1–9 (2015)
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To compare, we consider subhalos with Vpeak > 20
km/s, because subhalos with lower Vpeak may not have
formed stars due to suppressed gas accretion during the
reionization epoch (Bullock et al. 2000; Sawala et al. 2015).
This condition is also consistent with extrapolation of abun-
dance matching to MW satellite scales (Garrison-Kimmel
et al. 2014b), in particular given the uncertainty in the scal-
ing between stellar and halo masses (Garrison-Kimmel et
al., in prep). Comparing the final column in Table 1 to the
known satellites, we see that s0.8 and s2.9 are disfavored,
while s20.0 satisfies the requirements. However, there is a
factor of ∼ 2 intrinsic spread from main halo selection (grey
band in Figure 3). We thus conclude that all the WDM
simulations contain sufficient numbers of subhalos to host
the presently observed satellites, but the space for additional
satellites is limited. We caution however that the constraint
can be relaxed by considering galaxy formation in subha-
los with Vpeak < 20 km/s. For example, recent simulations
suggest galaxy formation can occur in Vpeak < 20 km/s sub-
halos provided the process occurs at high enough redshifts
(Wheeler et al. 2015).
3.2 Radial profiles
We next explore the radial distributions of the subhalos and
compare them to the observed satellites of the MW and M31.
To make a comparison of the radial distribution shape, we
normalize the distributions by the total number within the
virial radius. The left panels of Figure 4 show the results
when all resolved subhalos are compared against the entire
known satellites population; the top and bottom panels show
results applying a Vmax > 8 km/s cut and a Vpeak > 20
km/s cut to the subhalo, respectively. In both cases, the
simulations are in better agreement with the satellites of
M31 than the satellites of the MW, mirroring analyses of
the ΛCDM ELVIS suite (Yniguez et al. 2014). The different
cutoffs do not change this result. If additional satellites are
discovered at large distances (> 150 kpc) around the MW,
the radial distribution of MW satellites will more closely
match those of simulated subhalos and M31 satellites. On
the other hand, there is presently a stronger luminosity bias
in the M31 satellites, and future discoveries of dim satellite
dwarfs may change the M31 curve.
The right panels show the comparison when only the
top 12 most massive subhalos are considered: the top panel
uses the 12 largest in Vmax, while the bottom panel uses the
12 largest in Vpeak. These are compared against the most
luminous 12 satellites which are likely to be observationally
complete. For the MW, this is the LMC, SMC, Sagittar-
ius, Fornax, Leo I, Sculptor, Carina, Leo II, Sextans, Ursa
Minor, Draco, and Canes Venatici I; for M31, Triangulum
(M33), And XXXI, NGC 205, M32, IC 1613, IC 10, NGC
185, NGC 147, And VII, And II, And I, and And VI. Due to
the smaller numbers, the top 12 subhalo radial distribution
shows considerably more scatter than the total. Within the
scatter, the radial distributions of the 12 most massive sub-
halos are marginally consistent with the brightest MW and
M31 satellites.
In all comparisons, WDM realizations tend to yield ra-
dially expanded subhalo distributions compared to CDM.
This is consistent with the later formation times of subha-
los in WDM than in CDM. The later formation times yield
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Figure 3. Cumulative distributions of subhalos within the virial
radius in Vmax. Only subhalos with Vmax > 8 km/s are shown,
due to resolution as well as potential contamination from spu-
rious subhalos at lower Vmax. Shown are resonantly generated
sterile neutrinos s0.8 (blue dot-dot-dashed), s2.9 (red dot-dashed-
dashed), and s20.0 (green dot-dashed), a 2.0 keV thermal WDM
(black dashed), and CDM (black solid), as labeled. For the CDM,
the gray band indicates the scatter determined from the ELVIS
suite of simulations.
not only less concentrated subhalos, but they are also more
susceptible to tidal disruption during near passages in the
inner halo (e.g., Maccio’ et al. 2010). Similar effects are seen
in studies by Anderhalden et al. (2012) who explored the ra-
dial profiles of subhalos in various WDM and CDM + WDM
cosmologies. In general, this makes WDM realizations less
compatible with the distribution of MW satellite radial posi-
tions, which are more concentrated. Currently, there is only
a mild tension when limiting the comparison to the observa-
tionally complete luminous satellite sample (right panels of
Figure 4). However, the radial position distribution will be-
come a powerful diagnostic when a larger sample of complete
satellite galaxies becomes available, e.g., from ongoing sur-
veys such as DES, and future missions such as the Large Syn-
optic Survey Telescope (LSST) and the Wide-Field Infrared
Survey Telescope (WFIRST) (Spergel et al. 2015) which will
in particular be able to study satellite populations in nearby
galaxies out to several Mpc.
We conclude that the radial position distributions of the
subhalos in our resonant sterile neutrino realizations are in
agreement with the observed satellites of M31. While there
remains some tension when compared with the satellites of
the MW, this is significantly reduced when only the most
luminous classical satellites are considered. Future satellite
galaxy samples, both of MW and other galaxies, will help
test this further.
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Figure 4. Normalized radial distributions of satellites for the
MW and M31, and the same for subhalos for five cosmologies:
CDM (black solid), thermal 2.0 keV WDM (black dashed), and
three resonant sterile neutrino WDM s0.8 (blue dot-dot-dashed),
s2.9 (red dot-dashed-dashed), and s20.0 (green dot-dashed), as
labeled. The gray band shows the spread in the CDM results
based on the ELVIS suite of simulations. The 4 panels show: all
satellites and all subhalos with Vmax > 8 km/s (top left), all
satellites and all subhalos with Vpeak > 20 km/s (bottom left),
and their equivalents using only the most luminous 12 satellites
and the largest 12 subhalos (right panels).
3.3 Internal structure of subhalos
We finally explore the internal structures of subhalos. The
simulations performed in this study do not fully resolve
density profiles in the innermost ∼ 500 pc, but integral
values such as Vmax and Rmax are converged for subhalos
with Vmax > 15 km/s (Garrison-Kimmel et al. 2014a). With
these parameters, the two-parameter Navarro-Frenk-White
(Navarro et al. 1997, NFW) density profile is fully defined,
ρ(r) =
ρs
(r/rs)(1 + r/rs)2
, (1)
where the characteristic scale radius rs = Rmax/2.1626 and
the scale density ρs = ρs(Vmax, Rmax).
By extrapolating the NFW profile, we determine the
rotation curves of subhalos, as shown in Figure 5. Following
Boylan-Kolchin et al. (2011), we only include subhalos with
15 < Vmax/(km/s) < 60; the LMC, SMC, and Sagittarius
are excluded for a consistent comparison. For ΛCDM (top
left panel), we show only the 30 most massive subhalos; for
the others, we show all the subhalos that satisfy the Vmax
cut. These are compared to the circular velocities of dSphs
at their de-projected half-light radius (r = r1/2). At this ra-
dius, accurate dynamical mass estimates are obtained (Wolf
et al. 2010); the vertical error bars are derived from the 1σ
uncertainty in the mass at the half-light radius.
We use the “strong massive failure” definition from
Garrison-Kimmel et al. (2014b), which considers all subhalos
that cannot be assigned to host a dwarf galaxy as massive
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Figure 5. Rotation curves of all or 30 of the most massive subha-
los with 15 < Vmax/(km/s) < 60. Values from measured circular
velocities at half-light radii of the nine classical MW dwarfs, ex-
cluding LMC, SMC, and Sagittarius, are also plotted (symbols).
Massive failures that cannot host any of the MW dSphs in the
sample (thick solid cyan), additional massive failures from con-
sideration of Draco and Ursa Minor (thin solid black), subhalos
that host either Draco or Ursa Minor (dashed black; only two
allowed) and subhalos that are consistent with at least one of the
remaining 7 dSphs in the sample (gray dashed), are shown.
failures, with the caveat that the two densest dwarfs (Draco
and Ursa Minor) can only be hosted by a single subhalo
each. In ΛCDM, the number of massive failures is typically
∼ 20, but with a large scatter from 2 to over 40, depending
on the halo mass, cosmology, and other variables. Our cho-
sen halo contains 11 massive failures in ΛCDM. We find that
with our specific resonantly produced sterile neutrino dark
matter, the number of massive failures is greatly reduced to
between none to two.
An implicit assumption we have made is that the den-
sity profiles of subhalos do not deviate from NFW at small
radii in a WDM cosmology. This is not valid for radii smaller
than some critical value, since WDM predicts the forma-
tion of a core beyond a WDM model-dependent density.
However, the scales for core formation is less than O(10)
pc (Villaescusa-Navarro & Dalal 2011; Maccio` et al. 2012,
2013), i.e., not an important effect on scales of interest in
this study.
4 CONCLUSIONS
In this paper, we have tested the near-field cosmological im-
plications of a 7.1 keV sterile neutrino as the origin of the
anomalous 3.55 keV lines recently discovered towards a num-
ber of massive dark matter objects. Specifically, we have sim-
ulated structure formation of a MW-size host from z = 125
to z = 0 using the latest primordial matter perturbation
power spectrum implied by sterile neutrinos generated via
MNRAS 000, 1–9 (2015)
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Figure 6. Summary of CDM and WDM zoom-in simulation re-
sults, showing the number of all subhalos within 300 kpc of the
host and with Vmax > 8 km/s (y-axis), and the number of massive
failures (x-axis; note the axis transitions from linear to logarith-
mic scale at 2 massive failures indicated by the vertical dashed
line). Blue circles indicate CDM ELVIS simulations, and the halo
selected to run in WDM highlighted by a red circle. The red
squares indicate WDM with differing WDM particles, as labeled.
the Shi-Fuller resonance mechanism, and explored the prop-
erties of their subhalos: their number, radial distribution,
and internal structure. We explored 3 sterile neutrino mix-
ing angles, all consistent with the observed 3.55 keV line
and reproducing the cosmological dark matter abundance,
but different in their power spectrum cutoff (Figure 2). We
also simulate a 2.0 keV thermal WDM candidate for com-
parison purposes.
We find that a sterile neutrino responsible for the 3.55
keV line implies non-trivial differences in the subhalo prop-
erties of a MW-sized halo compared to CDM and thermal
WDM. The number of subhalos available to host satellite
galaxies is reduced compared to CDM by factors of ∼ 2–3
(Table 1). The suppressions are already significant: in some
cases, the predicted number of subhalos is already smaller
than the number of observed satellites of the MW and M31.
The sterile neutrino models are not ruled out however, once
scatter is included, e.g., arising owing to the uncertain mass
of the MW halo (Figure 3). The distributions of the subhalo
radial positions are systematically less concentrated than
the observed satellite positions, although they are consistent
when only the observationally-complete luminous satellites
and most massive subhalos are considered (Figure 4 bottom
right panel). Finally, the internal properties of the most mas-
sive subhalos show a consistent reduction in the number of
strong massive failures (Figure 5).
The fact that the subhalo counts are very close to the
number of satellites has two immediate implications. Firstly,
future discoveries of satellites will provide strong and direct
tests of the resonantly produced sterile neutrino scenario.
Indeed, the recent report of 6–8 candidate ultrafaint dwarf
satellites (Drlica-Wagner et al. 2015) suggests a total of ∼
100 such objects should be found around the Milky Way,
consistent with theoretical predictions (Tollerud et al. 2008;
Hargis et al. 2014). This would, e.g., be a factor ∼ 3 larger
than the resolved subhalo counts of the s0.8 scenario and
put the s0.8 interpretation of the 3.55 keV in serious tension
with observations.
Secondly, the closeness highlights the future importance
of the details of the cutoff shape. In our example, the differ-
ence between s2.9 and 2.0 keV thermal models are minimal
for the most massive subhalos (Vmax > 20 km/s), but the
2.0 keV model gradually shows less subhalos than s2.9 at
smaller masses. The difference in the number of resolved
(Vmax > 8 km/s) subhalos is 13, which is a 20–30% effect.
The smaller number of subhalos appears consistent with the
stronger cutoff in the 2.0 keV model with respect to the s2.9
model (Figure 2). However, the difference is most stark near
the resolution limit, and another major concern is the degree
of contamination of spurious halos. These make it difficult to
provide a robust quantitative statement. Nevertheless, our
results indicate that studies of small-scale structures of ster-
ile neutrino WDM is becoming sensitive to the details of the
cutoff shape, and thus the exact resonant sterile neutrino
cutoff should be used, rather than the approximate thermal
equivalent. The impacts of the cutoff will be investigated, in
a companion work, in the context of a wider range of transfer
function shapes both in the Local Group and in representa-
tive volumes of the Universe at high redshift (Bozek et al.
2015).
Figure 6 shows a summary of our findings, plotting the
number of subhalos within 300 kpc and with Vmax > 8 km/s
on the y-axis, and the number of strong massive failures
(based on 15 < Vmax/(km/s) < 60 subhalos) on the x-axis.
The blue circles denote the results based on the ΛCDM sim-
ulations of the ELVIS suite, with the specific halo simulated
in WDM shown with a red perimeter. The red squares are
our WDM simulations, both the resonantly produced ster-
ile neutrinos and thermal WDM, as labeled. The observed
satellite counts of the MW and M31 are shown by dashed
lines and labeled. The missing satellites problem is illus-
trated by the y-axis: the CDM simulations (blue circles) all
produce far too many subhalos relative to observed satellite
galaxy counts (dashed horizontal lines). The x-axis repre-
sents TBTF: the CDM simulations predict a large popu-
lation of dense subhalos that cannot host the known MW
dSphs. Sterile neutrino dark matter is effective at reducing
the severity of the TBTF problem while matching the sub-
halo abundance. Overall, we conclude that a 7.1 keV sterile
neutrino provides a good description of the Local Group,
which is often better than CDM in dissipationless simula-
tions, but will be tested by future searches for MW and
M31 satellites.
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